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Figure 28.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 28.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
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 Ultra High Energy Cosmic Rays
➡ low-luminosity high-energy fixed target experiment

(PDG 2014)
(per particle)

Equivalent c.m. energy  [TeV] 10 100

ECM ≈ 430 TeV

Elab ≈ 1020 eV

1

LHC (p-p)
7 TeV 14 TeV

Tevatron
1.98 TeV

1 event/year/km2
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With present accelerator technology:

 LHC: 27 km circumference,  ECM = 14 TeVElab = 1020 eV

ECM = 430 TeV 



 Eun-Joo Ahn        Surprising results on the composition of the highest energy cosmic rays     JETP 2015 3

With present accelerator technology:

 LHC: 27 km circumference,  ECM = 14 TeVElab = 1020 eV

ECM = 430 TeV 

Orbit of Mercury (3.6x108 km),  LHC acceleration time of 815 years
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What are they?

Where are they coming from?

How do they interact?

 Ultra High Energy Cosmic Rays
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Sources of UHECR 

1.  Top-down
 massive (high energy) object decays or interacts → produces lesser energy particles

                                                                                      (UHECRs)

Traditionally: 

2. Bottom-up
“ordinary” energy particle gets accelerated up by astrophysical means to higher energies

monopoles;  topological defects;  superheavy relics;  UHECRONs;  z-bursts;  etc
(Schramm & Hill 1983;  Hill 1983;  Weiler 1982;  Bhattacharjee & Sigl 1995;  Berezinsky et al. 1997;  Kolb et al. 1998;  

Chung et al. 1998;  Albuquerque et al 1999; etc.)

AGN hot spot, jets, central BH;  cluster shocks;  colliding galaxies;  gamma ray 

bursts;  neutron stars;  etc.

(Hillas 1984;  Thorne et al. 1986;  Biermann & Strittmatter 1987;  Vietri 1995;  Waxman 1995;  Kang et al 1996;  

Olinto et al. 1999; etc.)

Where are they coming from?
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2. Bottom-up
“ordinary” energy particle gets accelerated up by astrophysical means to higher energies

monopoles;  topological defects;  superheavy relics;  UHECRONs;  z-bursts;  etc
(Schramm & Hill 1983;  Hill 1983;  Weiler 1982;  Bhattacharjee & Sigl 1995;  Berezinsky et al. 1997;  Kolb et al. 1998;  

Chung et al. 1998;  Albuquerque et al 1999; etc.)

disfavored by photon & neutrino limits
(Pierre Auger Collaboration 2008, 2011, 2013)

AGN hot spot, jets, central BH;  cluster shocks;  colliding galaxies;  gamma ray 

bursts;  neutron stars;  etc.

(Hillas 1984;  Thorne et al. 1986;  Biermann & Strittmatter 1987;  Vietri 1995;  Waxman 1995;  Kang et al 1996;  

Olinto et al. 1999; etc.)

Where are they coming from?
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UHECRs ≳ 5x1019 eV need to come from nearby

→ flux suppression

proton-CMB interaction  (photopion production) 
    ↳ GZK suppression

nuclei-CMB interaction  (photodisintegration)

proton & nuclei - IR/opt/UV interaction  
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GZK cutoff or 
photodisintegration or 
sources reached their maximum energy?

 Energy spectrum - suppression observed at high energy

Eankle=5.3x1018 eV
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10 20 eV iron

v=1/300

v=1
v=1/300

Hillas plot

Diffuse shock acceleration

charge

acceleration regionshock velocity

magnetic field

• Photons, neutrinos: still possible but very low flux

• Protons:  abundant throughout the universe - many astrophysical locations
                 effectively stable - lose energy during propagation, 
                                            neutron decays back into proton 

• Heavier nuclei: less abundant
                           able to accelerate to a higher energy in a given source

8

UHECR candidates What are they?
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10 20 eV iron

v=1/300

v=1
v=1/300

Hillas plot

Diffuse shock acceleration

(Allard 2012)

Attenuation lengths

lose energy, disintegrate during propagation

Fe nucleus - most stable
intermediate nuclei - less stable

charge

acceleration regionshock velocity

magnetic field

• Photons, neutrinos: still possible but very low flux

• Protons:  abundant throughout the universe - many astrophysical locations
                 effectively stable - lose energy during propagation, 
                                            neutron decays back into proton 

• Heavier nuclei: less abundant
                           able to accelerate to a higher energy in a given source

8

UHECR candidates What are they?

➡ Protons are favorite

➡ Fe nuclei are most likely for heavier particles
➡ Intermediate nuclei type will vary - dependent on 

propagation modeling
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Observe, understand, characterize the ultra high energy cosmic 
rays and probe particle interactions at the highest energies

Pierre Auger Observatory

‣ Malargüe,  Argentina 
     ��3000 km2
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Observe, understand, characterize the ultra high energy cosmic 
rays and probe particle interactions at the highest energies

Pierre Auger Observatory

‣ Malargüe,  Argentina 
     ��3000 km2

‣ Energy range
  - main array: >1018 eV
  - enhancements: >1017 eV

‣ Surface detectors (SDs)
  - 1660 water Cherenkov 
    detectors (WCDs) 
   (12 tonnes, 1.5 km spacing)
 - enhancements: closer-spaced
     infill, muon detectors

‣ Fluorescence detectors (FDs)
  - 24+3 air fluorescence
     telescopes in periphery
  - enhancement: High Elevation
      Auger Telescope
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109-1011 particles

Hybrid design: thoroughly understand capabilities & systematic uncertainties of both detectors

FDs: 13% duty cycle,  (nearly) calorimetric measurement of energy

SDs: 100% duty cycle, measure particle density

Pierre Auger Observatory
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109-1011 particles

Hybrid design: thoroughly understand capabilities & systematic uncertainties of both detectors

Quadruple hybrid event

FDs: 13% duty cycle,  (nearly) calorimetric measurement of energy

SDs: 100% duty cycle, measure particle density

Pierre Auger Observatory
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Observation with the fluorescence detector
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109-1011 particles

Observatory for hybrid detection
• SD constrains shower geometry → reduce uncertainty of observed shower profile

Xmax

(slant depth: air mass along cosmic ray trajectory)

• Xmax: atmospheric depth that contains maximum energy deposit 
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109-1011 particles

Observatory for hybrid detection
• SD constrains shower geometry → reduce uncertainty of observed shower profile

Xmax

(slant depth: air mass along cosmic ray trajectory)

• Xmax: atmospheric depth that contains maximum energy deposit 
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.

Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)

12

30 ± 2 EeV 

(Kampert & Unger 2012)

Proton primaries develop deeper in the atmosphere with 
larger fluctuations than heavier nuclei (e.g. Fe nuclei)
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Data selection

The light from the shower is composed of fluorescence
and Cherenkov photons. The production yield of the former
is proportional to the energy deposited by the shower
particles within the volume under study, and the latter
depends on the number of charged particles above the
energy threshold for Cherenkov emission. Due to the
universality of the energy spectra of electrons and positrons
in air showers [65–68], the energy deposit and the number
of particles are proportional, and therefore an exact solution
for the reconstruction of the longitudinal profile of either of
these quantities exists [69]. An example of a profile of the
reconstructed energy deposit can be seen in Fig. 1(d) and
the contributions of the different light components to the
detected signal are shown in Fig. 1(c). The Cherenkov
light production is calculated following [67] and for the
fluorescence-light emission along the shower we use the
precise laboratory measurements of the fluorescence yield
from [70,71].
In the final step of the reconstruction, the shower

maximum and total energy are obtained from a log-
likelihood fit of the number of photoelectrons detected
in the PMTs using the Gaisser-Hillas function [72], fGH, as
a functional description of the dependence of the energy
deposit on slant depth,

fGHðXÞ ¼
!
dE
dX

"

max

!
X − X0

Xmax − X0

"Xmax−X0
λ

e
Xmax−X

λ : ð5Þ

The two shape parameters X0 and λ are constrained to their
average values to allow for a gradual transition from a two-
to a four-parameter fit depending on the amount of slant
depth observed along the track and the number of detected
photons from the respective event, cf. [69]. The constraints
are set to the average values found in the ensemble of events
for which an unconstrained fit with four parameters is
possible. They are given by hX0i ¼ −121 g=cm2 and
hλi ¼ 61 g=cm2, and the observed standard deviations of
these sample means are 172 and 13 g=cm2, respectively.
An example of a Gaisser-Hillas function that has been
obtained by the log-likelihood fit to the detected photo-
electrons in Fig. 1(c) is shown in Fig. 1(d).
The calorimetric energy of the shower is obtained by

the integration of fGH and the total energy is derived after
correcting for the “invisible” energy, carried away by
neutrinos and muons. This correction has been estimated
from hybrid data [73] and is of the order of 10% to 15% in
the energy range relevant for this study.

IV. DATA SELECTION

The analysis presented in this paper is based on data
collected by the Pierre Auger Observatory from the 1st of
December 2004 to the 31st of December 2012 with the four
standard FD sites. The initial data set consists of about
2.6 × 106 shower candidates that met the requirements of
the four-stage trigger system of the data acquisition. Since

only very loose criteria need to be fulfilled at a trigger level
(basically a localized pattern of four pixels detecting a pulse
in a consecutive time order), a further selection of the
events is applied off-line as shown in Table I and explained
in more detail in the following section.

A. Pre-selection

In the first step, a pre-selection is applied to the air-shower
candidates resulting in a sample with minimum quality
requirements suitable for subsequent physics analysis.
Only time periods with good data-taking conditions are

selected using information from databases and results from
off-line quality-assurance analyses. Concerning the status
of the FD telescopes, a high-quality calibration of the gains
of the PMTs of the FD cameras is required and runs with an
uncertain relative timing with respect to the surface detector
are rejected using information from the electronic logbook
and the slow-control database. Furthermore, data from one
telescope with misaligned optics are not used prior to the
date of realignment. In total, this conservative selection
based on the hardware status removes about 25% of the
initial FD triggers. Additional database cuts are applied to
assure a reliable correction of the attenuation of shower
light due to aerosols: events are only accepted if a
measurement of the aerosol content of the atmosphere is
available within one hour of the time of data taking. Periods
with poor viewing conditions are rejected by requiring that
the measured VAOD, integrated from the ground to 3 km, is
smaller than 0.1. These two requirements reduce the event
sample by 18%.
For an analysis of the shower maximum as a function of

energy, a full shower reconstruction of the events is needed.
The requirement of a reconstructed hybrid geometry is
fulfilled for about 36% of the events that survived the
cuts on hardware status and atmospheric conditions. This
relatively low efficiency is partially due to meteorological

TABLE I. Event selection criteria, number of events after each
cut and selection efficiency with respect to the previous cut.

Cut Events ε [%]

Pre-selection:
Air-shower candidates 2573713 $ $ $
Hardware status 1920584 74.6
Aerosols 1569645 81.7
Hybrid geometry 564324 35.9
Profile reconstruction 539960 95.6
Clouds 432312 80.1
E > 1017.8 eV 111194 25.7
Quality and fiducial selection:
PðhybridÞ 105749 95.1
Xmax observed 73361 69.4
Quality cuts 58305 79.5
Fiducial field of view 21125 36.2
Profile cuts 19947 94.4

DEPTH OF MAXIMUM OF … . I. MEASUREMENTS AT … PHYSICAL REVIEW D 90, 122005 (2014)

122005-7

December 2004 - December 2012

Combine showers observed at more than:      19,759
one FD site (stereo, triple, quadruple)
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Field of  View

➡ Prevent bias to event selection

FD

1.5o

30o
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Field of  View

➡ Prevent bias to event selection
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19,759 events: 
for the first time in 
cosmic ray history,  the 
full distribution of Xmax 
has been obtained.
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max

distributions generated with identical mean and dispersion but with di↵erent compositions. The hadronic
interaction model EPOS-LHC was used to generate 104 events in the range E = 1018.2�18.3 eV.

measurement resolution. The content of the j-th bin is
the sum of the contributions from the NMC simulated
events, each weighted by the acceptance;

Xm

s,j =
NMCX

n

a(Xt

s,n) pj(X
t

s,n)/NMC , (1)

where a(Xt

s,n) is the acceptance weight for the n-th event
and pj(Xt

s,n) is the probability that X
max

measured for
this event lies within the range defined by the j-th bin.
This probability is obtained assuming a resolution func-
tion represented by a double Gaussian, where the param-
eters of the dependence on energy have been determined
using a full detector simulation [4]. Note that a(Xt

s,n) is
not included in the normalization of the template so that
the sum of Xm

s,j is somewhat less than 1 by an amount
depending on the overall acceptance for a given species
arriving within the field of view. This overall factor to
correct for acceptance ranges from 0.979 for protons in
the EPOS-LHC model, up to 1 for iron nuclei in all mod-
els.

III. FITTING PROCEDURE

We use hybrid data collected with Auger between De-
cember 2004 and December 2012, where 19,759 events
survived all the cuts with energies of E

lab

= 1017.8 eV and
higher, as described in Ref. [4]. The events are binned in
intervals of 0.1 in log(E/eV ) from 1017.8 to 1019.5 eV and
events with energy above 1019.5 eV are combined into one
bin. The number of events ranges from more than 3000
per low-energy bin to about 40 for the highest-energy bin.
The X

max

bins are defined to be 20 g/cm2 wide starting
at X

max

= 0.

To carry out the comparison with data, for a given
energy bin the template Xm

s,j for each species is weighted
according to its species fraction fs and combined to form
MC predictions, Cj , for each X

max

bin:

Cj =
Ndata

N

X

s

fs Xm

s,j , (2)

where Ndata is the number of measured events in the
energy bin and the normalization term N is a function
of fs

N =
X

s

fs

1X

j

Xm

s,j , (3a)

with
X

s

fs = 1 . (3b)

We use the normalizations for the templates and for the
predictions to interpret fs as the fraction of species s
at the top of the atmosphere, i.e., without the need to
correct for detector acceptance.

A binned maximum-likelihood method is used to find
the best-fitting combination of the various species. For a
given energy bin E, the likelihood is expressed as

L =
Y

j

"
e�CjC

nj

j

nj !

#
, (4)

where nj is the measured count of events in X
max

bin j
and Cj is the corresponding MC prediction. As a prac-
tical consideration, we remove the factorials by dividing
L by the likelihood value obtained when Cj = nj . As
this value is a constant factor, the maximization is not

Reasons to use the Xmax distribution

Different composition: identical first two moments, different distribution

•No degeneracy in untangling mass combination

•Better understanding of composition

• Information on hadronic interaction models  (particle physics at ECM ≳ 35 TeV)
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- Compare data to simulations

‣ Simulations mimic true Xmax distribution

‣ We do not observe the true Xmax distribution
- detector acceptance across Xmax FOV

- position determination affected by resolution ability

‣ Create templates that can be properly compared with the data
- modify the simulations so they become “observations”

Find composition of UHECRs from the Xmax distributions

0

200

400

600

17.8  lg(E/eV) < 17.9

N = 3768

0

200

400

600

17.9  lg(E/eV) < 18.0

N = 3383

0

200

400

18.0  lg(E/eV) < 18.1

N = 2818

0

200

400

18.1  lg(E/eV) < 18.2

N = 2425

0

100

200

300

18.2  lg(E/eV) < 18.3

N = 1952

0

100

200

300

18.3  lg(E/eV) < 18.4

N = 1439

0

100

200

18.4  lg(E/eV) < 18.5

N = 1139

0

100

200

18.5  lg(E/eV) < 18.6

N = 814

0

50

100

150

18.6  lg(E/eV) < 18.7

N = 575

0

50

100

18.7  lg(E/eV) < 18.8

N = 413

0

50

100

18.8  lg(E/eV) < 18.9

N = 297

0

20

40

60

18.9  lg(E/eV) < 19.0

N = 230

0

20

40

60

19.0  lg(E/eV) < 19.1

N = 165

0

20

40

19.1  lg(E/eV) < 19.2

N = 114

0

10

20

30

19.2  lg(E/eV) < 19.3

N = 87

0

10

20

19.3  lg(E/eV) < 19.4

N = 63

0

5

10

19.4  lg(E/eV) < 19.5

N = 40

0

10

20

19.5  lg(E/eV) < •

N = 37

X
max

[g/cm

2]

e
v

e
n

t
s
/
(2

0
g

/
c
m

2

)

600 800

1000

600 800

1000

600 800

1000

0

200

400

600

17.8  lg(E/eV) < 17.9

N = 3768

0

200

400

600

17.9  lg(E/eV) < 18.0

N = 3383

0

200

400

18.0  lg(E/eV) < 18.1

N = 2818

0

200

400

18.1  lg(E/eV) < 18.2

N = 2425

0

100

200

300

18.2  lg(E/eV) < 18.3

N = 1952

0

100

200

300

18.3  lg(E/eV) < 18.4

N = 1439

0

100

200

18.4  lg(E/eV) < 18.5

N = 1139

0

100

200

18.5  lg(E/eV) < 18.6

N = 814

0

50

100

150

18.6  lg(E/eV) < 18.7

N = 575

0

50

100

18.7  lg(E/eV) < 18.8

N = 413

0

50

100

18.8  lg(E/eV) < 18.9

N = 297

0

20

40

60

18.9  lg(E/eV) < 19.0

N = 230

0

20

40

60

19.0  lg(E/eV) < 19.1

N = 165

0

20

40

19.1  lg(E/eV) < 19.2

N = 114

0

10

20

30

19.2  lg(E/eV) < 19.3

N = 87

0

10

20

19.3  lg(E/eV) < 19.4

N = 63

0

5

10

19.4  lg(E/eV) < 19.5

N = 40

0

10

20

19.5  lg(E/eV) < •

N = 37

X
max

[g/cm

2]

e
v

e
n

t
s
/
(2

0
g

/
c
m

2

)

600 800

1000

600 800

1000

600 800

1000

0

200

400

600

17.8  lg(E/eV) < 17.9

N = 3768

0

200

400

600

17.9  lg(E/eV) < 18.0

N = 3383

0

200

400

18.0  lg(E/eV) < 18.1

N = 2818

0

200

400

18.1  lg(E/eV) < 18.2

N = 2425

0

100

200

300

18.2  lg(E/eV) < 18.3

N = 1952

0

100

200

300

18.3  lg(E/eV) < 18.4

N = 1439

0

100

200

18.4  lg(E/eV) < 18.5

N = 1139

0

100

200

18.5  lg(E/eV) < 18.6

N = 814

0

50

100

150

18.6  lg(E/eV) < 18.7

N = 575

0

50

100

18.7  lg(E/eV) < 18.8

N = 413

0

50

100

18.8  lg(E/eV) < 18.9

N = 297

0

20

40

60

18.9  lg(E/eV) < 19.0

N = 230

0

20

40

60

19.0  lg(E/eV) < 19.1

N = 165

0

20

40

19.1  lg(E/eV) < 19.2

N = 114

0

10

20

30

19.2  lg(E/eV) < 19.3

N = 87

0

10

20

19.3  lg(E/eV) < 19.4

N = 63

0

5

10

19.4  lg(E/eV) < 19.5

N = 40

0

10

20

19.5  lg(E/eV) < •

N = 37

X
max

[g/cm

2]

e
v

e
n

t
s
/
(2

0
g

/
c
m

2

)

600 800

1000

600 800

1000

600 800

1000

0

200

400

600

17.8  lg(E/eV) < 17.9

N = 3768

0

200

400

600

17.9  lg(E/eV) < 18.0

N = 3383

0

200

400

18.0  lg(E/eV) < 18.1

N = 2818

0

200

400

18.1  lg(E/eV) < 18.2

N = 2425

0

100

200

300

18.2  lg(E/eV) < 18.3

N = 1952

0

100

200

300

18.3  lg(E/eV) < 18.4

N = 1439

0

100

200

18.4  lg(E/eV) < 18.5

N = 1139

0

100

200

18.5  lg(E/eV) < 18.6

N = 814

0

50

100

150

18.6  lg(E/eV) < 18.7

N = 575

0

50

100

18.7  lg(E/eV) < 18.8

N = 413

0

50

100

18.8  lg(E/eV) < 18.9

N = 297

0

20

40

60

18.9  lg(E/eV) < 19.0

N = 230

0

20

40

60

19.0  lg(E/eV) < 19.1

N = 165

0

20

40

19.1  lg(E/eV) < 19.2

N = 114

0

10

20

30

19.2  lg(E/eV) < 19.3

N = 87

0

10

20

19.3  lg(E/eV) < 19.4

N = 63

0

5

10

19.4  lg(E/eV) < 19.5

N = 40

0

10

20

19.5  lg(E/eV) < •

N = 37

X
max

[g/cm

2]

e
v

e
n

t
s
/
(2

0
g

/
c
m

2

)

600 800

1000

600 800

1000

600 800

1000

DATA

log(E/eV) = 18.1-18.2

 0

 200

 400

 600  800  1000  1200

N
/(

2
0
 g

m
/c

m
2
) 

 [
n

o
rm

a
li
ze

d
 t

o
 d

a
ta

]

Xmax  [g/cm2]

p

SIMULATIONS

 0

 200

 400

 600

 800

 600  800  1000  1200

N
/(

2
0
 g

m
/c

m
2
) 

 [
n

o
rm

a
li
ze

d
 t

o
 d

a
ta

]

Xmax  [g/cm2]

p

Fe

log(E/eV) = 18.1-18.2

SIMULATIONS



 Eun-Joo Ahn        Surprising results on the composition of the highest energy cosmic rays     JETP 2015 18

Making of a template

1. Generate MC for each energy bin, species, hadronic interaction models;
  - 18 energy bins from E=1017.8 eV to E≥1019.5 eV

  - species: p, He nucleus, N nucleus, Fe nucleus

  - hadronic interaction models: EPOS-LHC, QGSJET II-4, Sibyll 2.1

  - 20,000 events each

2. Fold in acceptance and detector smearing matrix to the true Xmax distribution;

3. Create template for each species under consideration, combine to form MC prediction.
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Fitting template to data

• Goodness of fit: obtain p-value with MC-based method

- find best fit from data → generate mock data sets based on this fit

- p-value = fraction of mock data sets with worse fit than fit from real data

• Find best fitting species combination via binned likelihood

- for j-th Xmax bin, compare MC prediction Cj with data nj

L = ∏e-Cj Cjnj

nj!j

• Systematics:  consider systematic uncertainty from measurement
- measured Xmax  (scan between -1σ to +1σ )

- energy scale

- Xmax resolution

- acceptance

↳ encompass full range of values obtained by any of the fit variants

p-values also calculated

} refit data with 
extreme values of the 
parameterizations

likelihood ratio ∏
j

e-Cj Cjnj

nj!
e-nj njnj

nj!
goodness of fit estimator
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Fit results
CAUTION! Results are dependent on the hadronic interaction models

Modification of the models may lead to changes

MODEL
REJECTOR
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• Poor quality fit: hadronic interaction models cannot describe data with p & Fe
➡ hypothesis of only p and Fe not feasible - something else required
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Lack of Fe nuclei
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FIG. 7: X
max

distribution of the fits for energy bin E > 1019.5 eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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FIG. 5: X
max

distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-

17

➡ Data need a distribution that is deeper (larger Xmax)

   and narrower

Fe distribution:

 - too shallow (small Xmax)

 - peaks at smaller Xmax than data 

 - wider than data

for all models 
considered}

0

0.2

0.4

0.6

0.8

1

p
 f

ra
c
ti

o
n

Sibyll 2.1

QGSJET II-4

EPOS-LHC

1018 eV  (ECM = 43 TeV) 1019 eV  (ECM = 137 TeV)

p

Stacked histograms



 Eun-Joo Ahn        Surprising results on the composition of the highest energy cosmic rays     JETP 2015 23

0

0.2

0.4

0.6

0.8

1

p
 f

ra
c

ti
o

n

0

0.2

0.4

0.6

0.8

1

N
 f

ra
c

ti
o

n

0

0.2

0.4

0.6

0.8

1
F

e
 f

ra
c

ti
o

n Sibyll 2.1

QGSJET II-4

EPOS-LHC

p

N

Fe

1018 eV  (ECM = 43 TeV) 1019 eV  (ECM = 137 TeV)

p +  Fe + N

10-4

10-3

10-2

10-1

100

1018 1019

p
-v

a
lu

e

E [eV] 

• Better fit quality for EPOS-LHC, but not for Sibyll 2.1 & QGSJET II-4



 Eun-Joo Ahn        Surprising results on the composition of the highest energy cosmic rays     JETP 2015

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p = 0.004

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) =

19.0-19.1

p = 0.605

Fe
N

He
p

Auger

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p = 0.001

 

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) =

19.0-19.1

p = 0.064

 0

 10

 20

 30

 40

 50

 500  600  700  800  900  1000

N

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p < 10-4

 

 

 

 

 

 

 500  600  700  800  900  1000

 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p = 0.781

 

 

 

 

 

 

 500  600  700  800  900  1000
 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) =

19.0-19.1

p = 0.819

FIG. 6: X
max

distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di↵erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di↵erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di↵erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di↵erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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max

distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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p + Fe p + N + Fe

QGSJET II-04:
Xmax distribution of N 
nuclei is too shallow
  → cannot describe data

EPOS-LHC:
Xmax distribution of N 
nuclei is at the right place!
   → satisfactory fit

1019.0-19.1 eV
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• Transition to heavier cosmic rays with increasing energy?

• Good description within systematics (best: EPOS-LHC)
• All models in agreement regarding p and Fe prediction 

• Substantial change in proton fractions over energy span

p
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What is causing the ankle?
 - change of source (Galactic→extragalactic)?
 - change in composition?
 - particle physics? (e.g. e+e- pair production)

Galactic origin of protons for E < 1018.5 
eV is severely restricted by limits from 
large scale anisotropy   (Auger Collab. 2012)

Larger than expected

p
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Fits can have different composition 
combinations, yet ...
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FIG. 5: X
max

distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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Sibyll 2.1

QGSJET II-04

EPOS-LHC

1017.8-17.9 eV

p He N Fe

Sibyll 2.1 0.57 0.26 0.17 0.00

QGSJET II-04 0.46 0.50 0.04 0.00

EPOS-LHC 0.49 0.08 0.36 0.07

• Similar p and Fe fraction

• Similar He+N fraction

• Amount of He and N varies

Each hadronic interaction model differs in 
how the air shower develops (cross 
section, multiplicity, elasticity) & evolve 
differently with increasing nucleus mass. 
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Constrain hadronic interaction models
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FIG. 6: X
max

distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di↵erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di↵erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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p + Fe p + N + Fe p + He + N + Fe
QGSJET II-04

Xmax g/cm2

• p+Fe: Fe distribution is too shallow for data, 
             p distribution cannot cover peak or head region

• p+N+Fe: N distribution covers head region but still cannot fit well

• p+He+N+Fe: data prefers mostly He, but cannot describe data adequately

➡ Data prefers p & He - poor fit quality

➡ No possible realistic species can make better - this model requires modification
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To recapitulate;
Between 7x1017 eV to 4x1019 eV,

• Surprise #1
➡ Hypothesis of  “p and Fe only” does not work!! 

       Substantial presence of intermediate species required!!

➡ No or very little p and Fe at highest energy bin 

• Surprise #2
➡ Considerable presence of protons below “ankle” (5x1018 V)

       - unexpected due to large scale anisotropy limits; pose some 
         constraints in explaining presence of ankle

• Understand better and constrain hadronic interaction models 
➡ Xmax distribution shows why some species do or do not work

➡ constrain model when varying or increasing species do not work
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Eankle=5.3x1018 eV

GZK cutoff or 
photodisintegration or 
sources reached their maximum energy?

 Energy spectrum - what is causing the suppression?
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Figure 1.8: Fluxes of different mass groups for describing the Auger spectrum and composition data.
Shown are the fluxes of different mass groups based on the maximum-energy scenario (left panel)
and the photo-disintegration scenario (right panel). The colors for the different mass groups are
protons – blue, helium – gray, nitrogen – green, and iron – red. The blue dashed line shows the flux
of protons originating directly from the source. The difference between the solid and dashed blue
curves corresponds to protons produced due to nuclear disintegration. The model calculations were
done with SimProp [22].

fluxes of individual elements proportional to Z), and models of vacuum Cherenkov radia-
tion that lead to a flux scaling proportional to the particle velocity and, hence, mass number
A [51].

Possible descriptions of the latest Auger flux data within the maximum-energy and photo-
disintegration models are shown in Figs. 1.8. The difference between the two scenarios is
most apparent in the fluxes of secondary protons. The corresponding description of the
Xmax data is of similar quality in both scenarios. A good description of the Xmax fluctuations
can only be obtained if an additional light component appears in a limited energy range.

We conclude from these considerations that the origin of the flux suppression observed
in the all-particle spectrum is not understood. Furthermore, anisotropy and composition
data are compatible with the hypothesis of a second proton component appearing at very
high energy (E > 4⇥1019 eV), but due mainly to the lack of composition data no conclusion
can be drawn.

However, it should not be forgotten that the interpretation of the Auger data in terms
of composition does rely on the accuracy of modeling air showers and, in particular, hadro-
nic multiparticle production. Therefore all these possible astrophysical interpretations have
to be considered in the context of our current understanding of hadronic interactions. It is
not excluded that changes of hadronic interaction models within the limitations given by
accelerator data can lead to a different interpretation of our composition-sensitive measure-
ments [64,83,108]. In addition, it is possible that the overall features of hadronic interactions
are significantly different at energies, and in phase space regions, not accessible to current
colliders. Such a deviation could be related to new particle physics or just an unreliable
extrapolation of existing data.

mixed composition at source 
maximum energy-limited

30

What is the reason for the flux suppression?

•  GZK cutoff

• Photodisintegration of 
heavy nuclei 

• Limited energy at source

extragalactic protons (Berezinsky & Grigoreva 1988 etc.)

extragalactic proton & nuclei

Galactic and extragalactic nuclei

(Taylor, et al 2011 etc.)

(Hillas 1984;  
Fang et al 2013 etc.)

extragalactic proton & nuclei (Allard et al. 2008 etc.)

➡ Knowing composition is the key to understanding the flux suppression
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Eankle=5.3x1018 eV

Energy range of composition analysis

GZK cutoff or 
photodisintegration or 
sources reached their maximum energy?

Composition required to know which one

 Energy spectrum - what is causing the suppression?

Not much p 
Not much Fe ......
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Eankle=5.3x1018 eV

Energy range of composition analysis

GZK cutoff or 
photodisintegration or 
sources reached their maximum energy?

Composition required to know which one

Upgrade the detector

➡ Must know composition at higher energies

➡ Larger statistics at higher energies > 5x1019 eV
➡ Use SD (100% duty cycle vs 13% FD) with 

better handle on composition

 Energy spectrum - what is causing the suppression?

Not much p 
Not much Fe ......
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Science goals of the Auger upgrade

1. Elucidate origin of flux suppression and mass composition;
 - differentiate between the energy loss due to propagation (e.g. GZK suppression) and
    the maximum energy of particles at source

 - Galactic or extragalactic origin?

 - reliable estimates of propagation-induced neutrino and gamma ray flux

2. Search for contribution of protons at the highest energy
 - estimate physics potential of existing and future CR, neutrino, gamma-ray detectors

 - determine prospect for proton astronomy  (open a new window or not?)

 - predict propagation-induced neutrino and gamma ray fluxes

3. Study hadronic interactions and extensive air showers above
   ECM > 70 TeV
 - particle physics beyond man-made colliders  (e.g. cross sections)

 - derivation of constraints on new physics phenomena  (e.g. extra dimensions)
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1) Upgrade aging SD electronics for faster sampling and better event reconstruction 

2) Install new detector on SDs for better muon-to-electromagnetic signal discrimination

Proposed Auger upgrade for beyond 2015
What did we learn with prototype detectors: the good

. A 4m2 upgraded detector, Corrientes (93)

6 of 29

- scintillator on top of  WCD

prototype 4m2 scintillator
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1) Upgrade aging SD electronics for faster sampling and better event reconstruction 

2) Install new detector on SDs for better muon-to-electromagnetic signal discrimination

Proposed Auger upgrade for beyond 2015
What did we learn with prototype detectors: the good

. A 4m2 upgraded detector, Corrientes (93)

6 of 29

- scintillator on top of  WCD

prototype 4m2 scintillator

• Upgrade case presented to an 
International Scientific Advisory 
Committee in March 2014 to 
evaluate its scientific merit
➡ strongly supports the 

Auger upgrade science
Operate until 2023
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What are they?

Where are they coming from?

How do they interact?

34

- Something more than mere p and Fe nuclei

- Intermediate species play a bigger role than expected

- Puzzling: lack of p and Fe at currently available highest energy

- Measurement of Xmax distribution actively helps to understand hadronic interactions

   at ECM ≳ 35 TeV 

- Manmade collider: LHC’s 14 TeV data will help, 
                              information on forward region crucial

- Around E=5x1018 eV (ankle): limit some models that explain ankle feature

- Suppression (E>4x1019 eV): need larger statistics

 Ultra High Energy Cosmic Rays
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Summary
• Auger Observatory collected sufficient data to obtain distribution of Xmax;

• Xmax distribution data analyzed by creating MC template;

•  Surprising results:

- incompatible with composition dominated by protons + iron nuclei;

- intermediate (helium, nitrogen) nuclei required for acceptable fit qualities;

- considerable presence of protons below ankle region;

- general behavior of protons similar for all three hadronic interaction models;

- able to constrain a hadronic interaction model in some cases;

• Observed trend may be due to deviations from the standard extrapolation in 
hadronic interaction models;

• Upgrade Auger detectors to understand the cause of flux suppression through 

better composition determination; will be proposed by the international 

collaboration.


